We have developed a polymerase chain reaction for the detection of Norwalk virus using the published sequence of the virus RNA dependent RNA polymerase gene and have used this to clone and sequence this region of a virus from a UK outbreak. We have applied this method to a panel of UK Norwalk-like viruses using both Tet-z and Taq DNA polymerases and found that amplification produces a multiplicity of bands from stool samples. However, in combination with Southern blotting, Taq polymerase amplification detected virus in 13 of a panel of 30 clinical samples known to contain these viruses and also detected astroviruses in a mixed infection. Amplification using Tet-z DNA polymerase was less efficient (6/30) and detected predominantly viruses typed as UK type 2 by solid phase immune electron microscopy.
Introduction
Viruses are a common cause of infectious diarrhoeal disease in man [1] . Most cases are associated with rotavirus or the fastidious enteric adenoviruses [2] , but the contribution of small round RNA-containing viruses to the total incidence of disease may be underestimated [3] . Amongst these are the caliciviruses, the small round structured viruses (SRSVs) and the astroviruses. Caliciviruses and astroviruses are identified on the basis of a clearly discernible morphology, whilst SRSVs lack clearly identifiable surface features. However, antigenic cross-reactivity has suggested that SRSVs may be related to the human enteric caliciviruses [4] . Recently the sequence of the first SRSV identified, Norwalk virus, has been determined and its structure examined closely by cryo-EM. Both of these studies support the suggestion that SRSVs are members of the Caliciviridae. SRSVs have been observed around the world and immune electron microscopy (IEM) has detected antigenic differences between them. UK SRSVs have been grouped into 4 types by solid phase immune electron microscopy (SPIEM) and compared with isolates from the USA and Japan. In this assessment Norwalk correlated with UK type 2 [5] . A wider assembly of available data indicated that there may be 5-6 such groupings worldwide [6] . We have therefore developed a PCR technique based on sequence data from the non-structural gene of Norwalk virus in order to detect this virus in stool extracts and address its relationship to other SRSVs.
Materials and Methods
Oligonucleotide primers were chosen from the published sequence of the Norwalk virus RNA polymerase gene [7] and are indicated in Table 1 . The 3' terminus of each was designed to correspond to (or base pair with) the first position of a conserved amino acid codon. The negative sense primer hybridized to the first base on the glycine codon of the conserved polymerase core motif GDD found in many RNA viruses [8] , whilst the positive sense primer terminated at a cysteine codon 38 residues in the 5' direction. Cysteines tend to be conserved because of their role in secondary structure determination. In a previous study of primers designed from the non-structural region of the astrovirus genome, only those terminating at cysteine codons were able to amplify all serotypes of human astrovirus [9] . The Norwalk PCR should amplify a product of 153 bases in length. PCR was performed in two ways which we term RT-PCR and Tet-Z PCR. In both cases RNA for analysis was first extracted from 100/zl of a 10% faecal suspension in Hanks Balanced salt solution by the method of Boom et al. [10] , and recovered in a volume of 50/zl of water. For the RT-PCR, reverse transcription was per- formed at 42°C using AMV reverse transcriptase (Promega). 10/~1 of RNA was mixed with 2 ~1 of 10 × buffer (supplied with the enzyme) and 4/zl of 25 mM MgC12. 2 /zl of a mixture of all four dNTPs at 10 mM and the negative sense primer (0.5 /~g) were added. The final reaction mixture contained 5 mM MgCI2, 190 mM Tris (pH 8.8), 50 mM KCI, 0.1% triton X-100, 1 mM each dNTP. 0.5 /zl (10 U) of AMV reverse transcriptase were added and the reaction was allowed to proceed for 15 rain at 42°C. For the Tet-Z PCR, 10 /zl of RNA was mixed with 2 tzl of reverse transcription buffer (supplied with the enzyme), 2 /~1 of a mixture of all four deoxynucleotide triphosphates (each at 2 raM) and 3 /zl of each primer (7.5 /xM). The mixture was overlaid with liquid paraffin and brought to 60°C before 1 ~1 of Tet-z (4 U) was added, and incubation continued for 15 min to allow reverse transcription. In both cases, reverse transcription was followed by amplification: the Tet-z reaction required no further treatment and the reactions were amplified by thermal cycling directly after the RT stage. However, in the second case the AMV-RT enzyme was first heat-inactivated at 99°C for 5 min and cooled before the mixture was adjusted as suggested by the manufacturer's to yield a final reaction volume of 97.5/zl containing 200/xM all dNTPs, 1.5 mM MgCI2, 10 mM Tris (pH 8.8), 50 mM KC1, and 0.1% triton X-100. The second primer was added (0.25 /xM final concentration) and the reaction mixture was brought to 60°C before addition of 5 U Taq DNA polymerase (Northumbria Biologicals). Both PCRs were amplified by 40 cycles each consisting of 94°C for 30 s; 55°C for 30 s and, 75°C for 30 s. At the end of this procedure the tubes were incubated at 72°C for 5 min. Products were analysed on 2% agarose gels buffered with TBE and transferred to nitrocellulose by capillary blotting.
Results and DiscuSsion
The RT-PCR was first applied to samples obtained from an outbreak of SRSV-associated diarrhoea and vomiting which had occurred in a Middlesbrough (UK) geriatric long-stay hospital in November 1988. A prominent product of approximately 150 base pairs was obtained (N in Fig. 1 ) although two larger bands (350 and 250 bp, A1 and A2 in Fig. 1) were also observed. All three bands were excised from the gel and subcloned into the vector pTZ18R for sequencing. The sequence obtained from the 150 bp product (termed pNK150) is presented in Fig. 2 , which also compares the predicted translation products from this clone with those determined from Norwalk virus itself [7] . This region of the non-structural proteins is highly conserved at the protein level although there is variation between pNK150 and Norwalk in nucleotide sequence. This is largely confined to third base and 'wobble' positions and may reflect the distance in time and space between the two isolations; Middlesbrough (UK) in 1988, and Norwalk (Ohio, USA) in 1968. In this region of the genome silent mutation is possible in 43 positions and has occurred in 22. In addition three substitutions were found in crucial positions causing amino acid substitutions: I to L at position 18; A to V at position 27 and V to I at position 35. All of these maintain the neutral hydrophobic nature of the residue, and general hydrophobicity of the sequences flanking the GDD is thought to be important in the function of the RNA polymerase [8] .
The two additional bands (A1, A2) were unexpected. These bands were also produced by amplification of astrovirus-infected cell RNA (Fig.  1) , and their sequence showed that they were derived by amplification of an internal region of the astrovirus genome which we had sequenced previously [9] . This sequence (EMBL Database Accession no. Z16420) contains a predicted nuclear targeting signal and also contains the tripeptide GDD, although lack of the flanking regions typical in RNA polymerases suggests that this is not the astrovirus RNA polymerase [11] . However, sufficient sequence similarity exists to permit the negative primer to anneal at this position and for the positive primer to match at two possible sites in the 5' direction. The terminal sequence of both products confirmed that this had occurred (data not shown). Attempts to simplify the pattern of products obtained using 'Exact-Match' (Stratagene) to improve the fidelity of primer hybridization abolished all amplification, presumably because sequence variation between this SRSV and Norwalk virus itself continues across the regions of primer binding. The presence of astrovirus in this sample was confirmed by dot-blot hybridization [3] and subsequently by the direct cloning of astrovirus sequences from this sample. For routine application, PCR procedures should be as simple as possible. The advent of the thermostable enzyme Tet-Z polymerase, which has reverse transcription activity, suggested that single tube reactions in which the reverse transcription could proceed directly to amplification could be feasible. We therefore tested the efficiency of detection with the primers described above in a two stage RT-PCR and also a single . PCR products were blunt ended using T4 polymerase and cloned into the SmaI site of plasmid pTZ18R. Five independent clones were sequenced. Nucleotide changes between the viruses from Middlesbrough (UK) and Norwalk (USA) [7] are indicated above the line, changes between the Middlesbrough (UK) and Southampton (UK) viruses are indicated below the line. This clone corresponds to positions 4724-4876 in Norwalk virus (EMBL M73245) and positions 4721-4873 in the Southampton isolate (Gen Bank L07418). Translation products predicted from pNK150 are given below the nucleotide sequence, and amino acid differences between this sequence and that reported for Norwalk virus [7] are indicated below. Sequences in italics are derived from the primers used in the amplification. in all cases because of limiting sample size. All PCRs produced a complex pattern of products when analysed on ethidium bromide stained agarose gels. Positive amplification was, however, clearly detected by Southern blotting using clone pNK150 as probe, The Tet-Z PCR detected only 6/30 samples. Some of these positive samples are illustrated in Fig. 3 which also compares the result obtained by ethidium bromide staining alone with that obtained by blotting. However the RT-PCR was more successful and detected 13 of the 30 samples. The six viruses detected by Tet-Z PCR included all four determined as UK type 2 in the panel, and no viruses typed as other than type 2 were positive in this test. However, the RT PCR detected all these six as well as some others which had been typed as UK type 4. These findings suggest that the conventional two-stage test is more sensitive than a single tube reaction for the detection of SRSVs in stool, and also imply that the single tube reaction may be more typespecific. The PCR we have developed is a useful test for the identification of SRSVs. However, only 43% (13/30) of the samples identified as SRSV by EM were positive in this test. This is a lower frequency than that reported from the USA (67%, 37/55) [12] , and may be related to sequence divergence between UK and USA viruses. Recently the complete sequence of a UK Norwalklike virus (Southampton isolate) has been presented [13] , This is a virus of serotype 4 according to the system devised by Lewis [5] , or alternatively as type 3 in the system favoured by Lamben and co-workers [13] . However, the sequence was derived from a serotype distinct to Norwalk virus itself. This sequence displays the same three amino acid alterations with respect to Norwalk virus as those detected in the Middlesbrough virus and differs at only 2 nucleotides from our sequence (Fig. 2) . This also allows us to compare the sequence of the primers we have used, which were derived from the Norwalk virus, with the sequence actually present in a UK virus at this point. The sequences agree well but mismatches (indicated in Fig. 2 ) in the region of the primers would reduce the calculated Tm to approximately 52°C. Under these conditions priming in the Tet-Z Ii RT, conducted at 60°C, may be inefficient. This could account for the relative bias for type 2 viruses in the detection of SRSVs by this technique. Sequence variation in this region may be greater still. Both the Middlesbrough and Southampton viruses were cloned by PCR using sequences derived from Norwalk virus. This approach can only succeed in cloning a closely related virus. However, recently the sequence of the corresponding region of Sapporo virus, a human enteric calicivirus, has been presented. This shows extensive differences from Norwalk, Southampton SRSV and pNK150 [14] , and the cysteine codon exploited in the positive strand primer is not conserved in this case. Now that more sequences from this largely undercharacterized virus family are becoming available it is hoped that analysis may yield further primers for the high efficiency detection and typing of SRSVs and caliciviruses from all over the world.
